Rates of formation of RNA. - 
INTRODUCTION
High concentrations of certain electrolytes, including sodium perchlorate and trichloroacetates (1) , as well as various neutral molecules, including formamide (2), dimethyl sulfoxide (3), and urea (4) , lower the melting temperature of duplex DNA and therefore the optimum temperature for DNA:DNA reassociation (5, 6) . This is advantageous because, in general as the reaction temperature is lowered, the amount of chain scission occurring during the time needed for association reactions of complementary strands is reduced.
Aqueous formamide solvent systems are particularly useful for preparing RNA:DNA hybrids, because the hybrids are more stable than DNA:DNA duplexes in these solvents. It is therefore possible to find conditions under which incubation of RNA with DNA duplexes leads to the formation of R-loops (7) and conditions under which RNA:DNA hybrids will form from the respective single strands but DNA:DNA duplexes are unstable and do not form (8) . These conditions are useful for a number of applications (9, 10) .
It is of interest to determine whether other denaturing solvents have the property of favoring the formation of RNA:DNA hybrids over that of DNArDNA duplexes. We report here a preliminary survey of aqueous NaClOa, NaC10i»-urea, and Rb CI3CCO2 as solvents for RNA:DNA association reactions.
MATERIALS AND METHODS
Materials. Reagent grade disodium ethylene diaminetetraacetlc acid (EDTA) and sodium acetate (NaAc) were from J.T. Baker; urea, Ultra Pure, from Schwartz-Mann; and NaC10 lt from the G. Frederick Smith Chemical Company.
Rubidium trichloracetate (RbTCA) was a gift from R.L. Burke and W.R. Bauer (11) .
E_. coli 23S rRNA was labeled with 3 H to a specific activity of 2.2 x 10 s cpm/ug and extracted according to published procedures (12) . The molecular length of this RNA was measured to be 3.2 kb by agarose gel electrophoresis in the presence of methylmercuric hydroxide (13) . J2. coli DNA was purchased from the Sigma Company, subjected to two phenol extractions and then sedimented on an alkaline sucrose gradient (0.1 M NaOH, 0.9 M NaCl, 5-20% sucrose)
with linear SV40 single stranded DNA as a marker. Only those fractions sedimentlng faster than the marker (i.e., greater than 5 kb in length) were collected and used. The upper limit of length of the DNA strands in the preparation was about 8 kb. <fr80d3Jlv phage were grown and DNA prepared as previously described (14) . . reater than the optimal temperature for DNA:DNA reassociation (5,6).
Methods
A clear cut plateau was not reached at 35° for NaC10t,-urea, but the reaction rate clearly increased from 35° to 45° to 53°. Again, the optimum temperature for hybridization, as judged by incubation to a rot of 2.36 x IO" 3 M sec (Fig. 2b) , was 52 o -53°, which is about 12" above the melting point of DNA:DNA duplexes. The results in Rb CI3CCO2 are rather similar to those in NaClO^-urea; the optimal temperature for RNA:DNA hybridization was 56", and the T of E. coli DNA, 45°C. m -
As an example of a concentrated non-denaturing salt, we chose 2 M sodium acetate, pH 6.3. Measurements in this solvent are also presented in
Figs. 1 and 2. In this case, the optimum temperature, T ,.,,", is less than optKl/ the T of DNA. m
The E^. coli genome contains "at least seven" rRNA gene sets (15) . Seven maximum levels of. hybridization in Fig. 1 are 83%, 76%, 66%, and 31% of this value for Rb CCI3CO2, NaC10i,-urea, NaClOij, and NaCH3C02 respectively.
Thus, a larger degree of reaction is achieved in the denaturing solvents than in
The data comparing T __ with the T for E. coli DNA are summarized optRD m -in Table 1 . solvents. Therefore, it should be possible in such solvents to form R-loops which can be observed by electron microscopy. We have used the technique introduced by Holmes et al. (17) to study R-loop formation in the solvents of interest here. This technique, which is applicable to simple genomes, invloves complete strand dissociation of the DNA, incubation with RNA coded for by a segment of the DNA at a temperature at which RNA:DNA hybrids will form but at which DNA:DNA duplexes will not (and may, in fact, be unstable) followed by further incubation at a lower temperature to achieve DNA:DNA reassociation. The test system used is the DNA of <j>8Od3ilv_ which contains one E. coli 23S rRNA gene (14, 18) .
Detailed conditions for the formation of the R-loop molecules are given in Materials and Methods. We find that under these conditions, 65-75% of the <|>80d3ilv molecules have R-loops ( Table 2 ) . An electron micrograph of a typical molecule is shown in Fig. 3 . The lengths of the RNA:DNA hybrid region and the coordinates of the 23S rRNA gene are shown in Table 3 .
Chain scission and RNA solubility. 3 H labeled 23S rRNA solutions were incubated for varying times and temperatures and subjected to agarose-CH 3 Hg0H gel electrophoresis. Fractions were cut from the gels and counted. An overall summary of the results is as follows (data not shown). In 4 M NaClOi,, about 50% Table 2 Efficiency of R-loop Formation* R-loops were formed as described in the text. Random fields were photographed and molecules counted. For those molecules which were partially duplex and partially single-stranded, it is not possible to score whether or not they could have formed R-loops. of the molecules underwent one or more breaks in 60 min. at 56° but there was very little breakage at 50°C. In 3 M Rb C1 3 CCO 2 , there was 50-75% breakage in 60 min. at 56°. In 4 M NaC10i,-6 M urea, there was 50% breakage in 30 min. at 50°C and all of the molecules were cleaved at least once by incubation at 60 min. at 50°C. We believe that by proper control of pH and by removal of heavy metal ions, the amount of RNA chain scission observed Table 3 Coordinates of R-loops for cj>80d 3 Coordinates of the R-loops for all the molecules in Table 1 were measured relative to the defined (14) left end of the molecule. Ohtsubo et al (14) measured a length of 3.2 kb (7.3-10.5 kb) for the 23S rRNA gene hybridized to a single strand of <j>80d 3 ilv (in a <fr80dailv/(j>80 heteroduplex) . Wu and Davidson (18) measured a length and coordinates of 2.9 kb (7.6-10.5 kb) on hybrids of 23S rRNA with single strands of (j>80d 3 ilv and spread by the gene 32-Etd Br technique. Thus, the R-loops observed here are about 0.77 of the lengths observed by the above methods. This is probably due to displacement of part of the RNA:DNA duplex by branch migration.
by us can be reduced. However while the present experiments were in progress, it became apparent that, with the pH 6.4-6.8 PIPES buffer system developed by P. Chandler (8) to reduce the amount of RNA chain scission, formamide solvents are satisfactory for present applications (9,10; Y. Chien, personal communication).
The solubility of 23S rRNA in 4 M NaClOi* 3 M RbTCA and 4 M NaClO^ 6 M urea is about 140 pg/ml for each case. 7 M NaClOij lowers the T of DNA to about 20° below that of 4 M NaClOi,. This would seem to be advantageous for reducing chain scission. However, RNA is quite insoluble in 7 M NaClOi, (E.P. Geidushek, personal communication).
DISCUSSION
Our main observation is that, in concentrated sodium perchlorate, concentrated rubidium trichloroacetate and sodium perchlorate-urea solutions RNA:DNA hybrids are more stable than DNA:DNA duplexes and that conditions may be selected in which RNA:DNA association occurs with no significant amount of DNA:DNA reassociation. The difference in stability between RNA:DNA hybrids and DNA:DNA duplexes in the usual aqueous solutions of non-denaturing salts (8, 19, 16 ) is much smaller than the differences observed for the above mentioned electrolytes and for formamide (8) .
Concentrated NaC10 4 , RbCCl 3 C0 2 , NaC10i,-urea as well as formamide solutions are all denaturing solvents for DNA. It has been proposed that these solvents denature because they stabilize unstacked purine and pyrimidine rings immersed in water by virtue of a "chaotropic" effect on the structure of water (1). We propose that in general DNA single strands are The RNArDNA association rate decreases with decreasing temperature.
For example, the relative rates as calculated above in 4 M NaClOi, are 1, 0.45, 0.34 and 0.05 at 70°C, 60°C, 50°C and 40°C respectively. This is an example of the characteristic decrease in reaction rate with decreasing temperature below the optimum (5). We presume that since RNA:DNA base pairs are more stable than DNA:DNA base pairs that RNA:RNA base pairs are even more stable (8, 21) . The rate decrease is therefore attributed to a decrease in the RNA:DNA nucleation rate because of the increase in RNA secondary structure as the temperature decreases.
There is a very clear decrease in the apparent limiting value of the degree of reaction in 4 M NaClOi, as the temperature decreases from 70°C to 40°C. We believe that several factors may contribute to this phenomena.
The most important one is due to the great decrease in the RNArDNA rate from 70°C to 40°C. 40°C is 25°C below the melting temperature of DNA, therefore, it is close to the optimum temperature for DNA:DNA reassociation. As (22) stabilizes the secondary structure features, and prevents branch migration.
We conclude by reemphasizing that the important result of our study is that RNA:DNA hybrid formation is favored over DNA:DNA duplex formation in concentrated NaClOi, and Rb CCI3CO2 salt solutions at suitable temperatures, just as in formamide solvents.
